Temperature-sensitive mutants of adenovirus type 5 have been examined by various serological techniques. Cells infected with these mutants at the non-permissive temperature responded in different ways and four main serological groups could be assigned on the basis of complement fixation tests, namely group I, which showed no major differences in the production of capsid antigens; Group II, which showed no production of any of the capsid antigens; Group III, which showed no production of fibre antigen; and Group IV, which showed limited production of hexon antigen and variable yields of penton base antigen. Fluorescent antibody tests further subdivided the latter group into mutants which showed no production of hexon antigen and those which showed production of hexon antigen, although with an abnormal distribution. These results were in good agreement with the complementation data although within most of the serological groupings there was more than one complementation group.
INTRODUCTION
The isolation of temperature-sensitive (Is) mutants of adenovirus type 5 has been recently described (Williams et al. 197I ) and genetic studies have further shown that complementation and recombination can be readily demonstrated with these mutants (Williams & Ustacelebi, I97I ) .
Adenovirus has a well-characterized structure and the serology of the principal components of the capsid has been studied in considerable detail by a number of laboratories (for a review see Schlesinger, I969). Type 5 adenovirus is a particularly suitable virus to study since it has been possible to separate and purify the capsid components. Two of these components, the hexon and fibre, have been crystallized (Pereira, Valentine & Russell, 1968; Mautner & Pereira, I971) (for explanation of terminology see Ginsberg et al. I966) and potent specific antisera have been prepared against them. It has not been possible, as yet, to crystallize the third component of the capsid (the penton base), although specific antisera against the purified material have been obtained (Russell et al. I967 and to be published). In addition, another antiserum has been prepared which can detect an antigen (designated P antigen) which appears early in infected cells, before virus DNA synthesis (Russell et al. I967) .
Using these antisera, an analysis of the antigens produced in cells infected by adenovirus type 5 ts mutants has been undertaken and, in addition, an attempt has been made to determine if virus is assembled in cells infected with the mutants.
W. C. RUSSELL, CAROL NEWMAN AND J. F. WILLIAMS METHODS
Virus. Adenovirus type 5 (Ad 75) was propagated in KB cells cultured in Leibovitz medium at 33 °C. Virus seeds were prepared as described previously (Russell et al. 1967) except that partially purified virus seed was obtained by centrifuging fluorocarbon-treated extracts of infected cells through a Io to 40 ~o glycerol gradient on to an 8o ~ glycerol pad (at 5oooog for I h). The isolation of the virus ts mutants and preliminary genetic analyses have been described previously (Williams et al. I97~; Williams & Ustacelebi, I97I) .
Cells. In all experiments involving detection of antigens a line of human embryo kidney cells (HEK) growing in Eagle's medium was used (Russell et al. I967) . For the assembly experiments virus was grown in KB cells.
Infectivity titrations. HEK cell monolayers growing in Eagle's medium in 6o mm Petri dishes in a humidified CO~ incubator at 33 °C were infected with o'5 ml of a suitable virus dilution. After adsorbing for about 4 h the monolayers were overlaid with 5 ml of Eagle's medium containing I ~ calf serum and o'3 ~ agar supplemented with Io mM-magnesium chloride (Williams, I97o) and incubated at 33 °C. After 5 days a further 4 ml of overlay was added. Plaques appeared at 7 to 9 days after infection and monolayers were then stained with I ~ crystal violet in 2 ~oo aqueous ethanol after tipping out the sloppy agar overlays.
Generalplan of experiments. HEK cells in suspension were infected with virus at an added multiplicity of approximately 2o p.f.u./cell and shaken at 36 °C for 3o min. Cells were pelleted by centrifuging (2oog, Io min), resuspended in warm medium and dispensed in samples of 4 x io o cells to form monolayers at either the permissive temperature of 33 °C or at the non-permissive temperature of 38"5 °C. Cells were normally harvested after 24 h at 38"5 °C and 36 h at 33 °C by either scraping or shaking off the cells, washed in phosphate buffered saline and resuspended in o.2 ml of the buffer. The cells were then disrupted by placing in an ultrasonic bath (Megason, operating at 80 kHz input frequency) for about 30 s. For complement fixation tests the cell extracts were further clarified by centrifuging (2oog, ~o min) to remove large cellular debris which had an anticomplementary effect.
Techniques for preparing antisera, of complement fixation and of fluorescent antibody have been described previously (Russell et al. I967; Hayashi & Russell, I968) .
Double diffusion in agar gels were carried out by the microtechnique of Crowle 0958)-Single-radial immunodiffusion in I-5 ~o agarose gels (Agarose A-37 Indubuse, Industrie Biologique, Fran9ais, S.A.) was carried out using the technique originally described by Mancini, Carbonara & Heremans (I965) and modified by Schild, Henry-Aymard & Pereira (I972). P antiserum was embedded at a dilution of I in 20 in I-5 ~oo agarose and 3 #l samples of cell extract placed in holes punched in the agarose. After overnight incubation at room temperature, specific zones of agglutination could be detected.
Virus assembly. KB cell monolayers were infected with virus, incubated at either 33 or 38"5 °C and 8 h later the medium was replaced with fresh medimn containing one tenth the normal phosphate (Russell, Laver & Sanderson, 1968) and high specific activity [a2p] . orthophosphate (PBS-I, Radiochemical Centre, Amersham, Bucks.). The cells were then incubated for a further 36 h and the virus produced was purified by two cycles of caesium chloride density gradient centrifugation as described in detail by Winters & Russell 097Q .
CompIementation tests were carried out as previously described (Williams & Ustacelebi, I97I ) . HeLa cells were either singly or doubly infected with the mutants and incubated at 38 °C. The virus produced was then assayed on HeLa cells at 31 °C and complementation was measured by comparing the virus yields in the single and double infections. Complementation was considered to be positive when the ratio of the yield of double infection to the yield of the higher of the two single infections exceeded Io. 
Complementation studies
Twenty-two mutants were classified on the basis of complementation tests in I4 groups (Williams & Ustacelebi, I97i; Wilkie, Ustacelebi & Williams, I972a, b and Table I ). Seventeen of these mutants representing 12 of the complementation groups were examined in the present investigation. Further complementation data relevant to the work described here are shown in Table 2 . It will be seen that the group A mutants failed to complement each other, but, in general, showed positive but somewhat low complementation yields with mutants in groups B, C, D and somewhat more with Group E. However, all of these mutants complemented strongly with mutants of other groups. 
General characteristics of virus antigen production at different temperatures
HEK cells infected with wild-type virus and with mutant ts I7 were incubated at 33 and 38"5 °C and harvested at different times after infection. After disruption and centrifuging, cell extracts were assayed for complement fixing antigens using specific antisera against hexon and fibre at their optimum dilutions. The results are shown in Fig. I and it is evident that the production of antigens with both the wild-type and the mutant was slower at the permissive than at the restrictive temperature, although by 28 h at both temperatures maximum yields were attained. It is also evident that cells infected with ts I7 produced virtually no hexon antigen at the non-permissive temperature. These results also demonstrate that the overall pattern of antigen formation was little altered after infection by wildtype virus at the two temperatures. There was, however, always a small but consistent reduction in the yield of antigens at the higher temperature. In all succeeding experiments cells infected and incubated at the various temperatures were harvested for antigen determination at times when it was assumed that the maximal antigen production had been attained.
The effect of different temperatures on the yield of the various capsid antigens was determined by infecting cells in suspension with wild-type virus and ts mutants 13 and 17 and plating replicate cultures at 33, 37, 38"5 and 41 °C. Cells were then harvested at suitable times and the yield of antigens determined (Fig. 2) . It can be seen that cells incubated at 38"5 °C showed the maximum response in temperature sensitivity; namely, fibre antigen formation with ts I3 and hexon antigen formation with ts I7 could not be detected at this temperature. The other ts mutants were tested in a similar way and there was no indication that the pattern of antigen formation altered at temperatures higher than 38"5 °C. 
Complementation among ts mutants of adenovirus type

Tests for complement fixing (CF) antigens
On the basis of these preliminary investigations a survey was made of the patterns of CF antigens obtained as a result of infecting cells with the wild-type virus and with all the ts mutants at 33 and 38"5 °C, giving results as shown in Fig. 3 . The mutants have been clustered on the basis of the complementation groups shown in Table I Mutants showing no production of fibre antigen and apparently normal production of the other antigens, i.e. ts 5, 9, 13, 22.
IV. Mutants showing no production of hexon antigen or greatly reduced yields of hexon antigen coupled with variable reduction in penton base antigen and normal yields of fibre antigen, i.e. ts I, 2, 3, 4, 7, IO, 14, 17, 2o .
The yields of antigens were related to those obtained for the wild-type at the non-permissive temperature. Fig. 3 also indicates that with some of the mutants, particularly those deficient in fibre antigen production at the higher temperature, there was an abnormal pattern of antigen production even at the permissive temperature, e.g. infection with ts 22 at 33 °C showed 4 to 6-fold less fibre antigen production than did wild-type infection at the same temperature. All mutants within the same complementation group showed a similar Table I. spectrum of antigen production. It should be noted, however, that a considerable number of mutants which fell into different complementation groups resembled each other with regard to production of CF antigen.
Double immunodiffusion tests
Three distinct gel precipitin lines can be obtained in standard micro double-diffusion tests with extracts of infected cells and an antiserum prepared against complete virus. These lines correspond to hexon, fibre and penton antigens and can be used to analyse qualitatively the (i) wild-type at 33 °C; (2) ts 13 at 38"5 °C; (3) ts 13 at 33 °C; (4) wild-type at 38"5 °C; (5) ts 20 at 33 °C; (6) ts 2o at 38"5 °C.
(b) Single-radial diffusion in agarose. Agarose contains P antiserum at a dilution of I/2O and numbered wells contain extracts from cells infected with virus at the temperatures shown. Other wells contain extracts of uninfected cells. (I) ts l at 33 °C; (2) ts I at 38"5 °C; (3) ts 7 at 33 °C; (4) ts 7 at 38"5 °C; (5) ts 36 at 33 °C; (6) ts 36 at 385 °C. w.C. RUSSELL, CAROL NEWMAN AND J. F. WILLIAMS antigens produced as a result of infection by the ts mutants. The procedure is slightly less sensitive than the complement fixation procedure and with all the mutants examined gave results which corresponded closely to those obtained by the CF tests, e.g. in Fig. 4(a) it can be seen that ts 2o and ts I3 produced respectively no hexon and no fibre antigen at the non-permissive temperature. Furthermore, it is also evident that ts I3 at the permissive temperature showed a difference in mobility of the fibre antigen compared both to ts 2o and to the wild-type, apparently moving much slower out of the peripheral well. This could be a result of less fibre antigen production or of aggregation or attachment to some larger, possibly membranous structures. Several attempts were made using various detergent treatments to alter the mobility of the fibre antigen produced in ts 13 infection at the permissive temperature without, however, any significant success.
Single-radial diffusion tests
The above experiments were successful in demonstrating the presence of the capsid antigens but no attempt was made using these methods to detect P antigen. Previous investigations (Russell et al. ~967) had shown that P antigen could be detected by complement fixation but current rabbit antisera have proved to be anti-complementary, making interpretation of results difficult. Gel double-diffusion tests employing these antisera have also been unsatisfactory. However, by use of a single-radial diffusion technique in which P antiserum is embedded in agarose, it has been possible to detect the antigen rapidly and effectively. Thus, Fig. 4(b) demonstrates that ts 36 which produced no capsid antigens at 38"5 °C nevertheless produced good yields of P antigen at the same temperature. All the ts mutants in the present investigation yielded P antigen at the non-permissive temperature. Radial diffusion tests in which the capsid antisera were incorporated into the agarose were also carried out and these confirmed the results obtained by CF and gel diffusion, namely no detection of fibre antigen with serological group III mutants and no detection of hexon antigens with these mutants in serological group IV.
In an attempt to ascertain if some of the results with group IV could be explained on the basis of differences in group and type-specific hexon antigen (Pereira & Laver, I97O) cell extracts were tested against group-specific hexon antiserum (prepared with crystalline type 2 hexon), but no significant differences from the patterns obtained with the homologous hexon antiserum could be detected.
Fluorescent antibody tests
The fluorescent-antibody technique is generally a more sensitive procedure than the above tests and has the advantage that, in addition to demonstrating the presence or absence of an antigen, its intracellular distribution can also be examined. The method can also be used to indicate the presence of P antigen and can differentiate the two kinds of P antigen which are distinguished by their differing morphologies (Hayashi & Russell, 2968; Russell & Becker, I968) , i.e..the 'early' form as dispersed dots and fibres and the 'later' form as condensed rings and balls. The results of a series of tests on cells infected by some of the mutants is shown in Table 3 , where it can be seen that they parallel those seen in previous tests. In the case of ts 36 it was notable that there was an accumulation of the 'early' form of the P antigen (Fig. 5a ), compared to the situation at the permissive temperature where there was the usual switch to the 'later' form of the antigen (Fig. 5b) . With mutants falling into serological group III, no fibre antigen could be detected in cells infected at the higher Table 3 . temperature. However, with mutants classified into G r o u p IV, two separate responses could be detected: (a) Cells infected with mutants ts I7 and t s a o failed to elaborate detectable hexon antigen at the higher temperatures.
Fluorescent-antibody tests
(b) Cells infected with the other mutants of group IV all showed the presence of hexon antigen in significant amounts but the distribution of the antigen was different (Fig. 5 c) from that seen in cells infected with wild-type virus at the same temperature or with other mutants at the non-permissive temperature (Fig. 5 d) . Thus, in cells infected with these mutants at 38"5 °C, the hexon antigen generally accumulated either in the region of the nuclear membrane or in the cytoplasm. This anomolous behaviour of the antigen was apparent to some extent even in cells infected at 33 °C, but was accentuated at the non-permissive temperature. These findings are in marked contrast to those found using the other immunological tests when either very little or no hexon antigen could be detected. These results strongly suggest that the transport of the hexon antigen within cells infected with these mutants was defective at the non-permissive temperature. On the other hand, tests with fibre, penton base and P antisera gave a normal distribution of antigens in cells infected with these mutants at both the permissive and non-permissive temperatures.
Serology of adenovirus ts mutants
Assembly of virus particles
The experiments described above have demonstrated that some ts mutants failed to produce some or all of the capsid antigens at 38. 5 °C, while others had apparently produced a normal pattern of antigens. In the latter case, particularly, it might be expected that virus particles would be assembled, assuming other structural components were available. To ~8-2 investigate this possibility, cells were infected singly with mutants and grown at both the permissive and non-permissive temperatures and labelled with [3~P]-orthophosphate. The virus produced was purified by two gradient centrifugations in caesium chloride. The distribution of radioactivity in the final gradient gave a very sensitive assay of virus assembly -the criterion of assembly being the amount of radioactivity banding at the characteristic density of the virus.
Reference to Fig. 6 will show that with the exception of ts 13 and 22 no virus particles containing nucleic acid were found in cells infected with the mutants at the higher temperature. Since all mutants except ts 36 and 37 were apparently able to make normal virus DNA (Wilkie et al. 197za, b ) the present results suggest that defects were such that normal assembly into stable virus structures was not possible at the non-permissive temperature. In the case of ts 18 and ts 19, which made apparently normal capsid antigens, some other component, perhaps a core component or a non-structural component, must have been defective. The results also confirm that there was no significant leakage or reversion of virus under these conditions at the non-permissive temperature with the other mutants used.
DISCUSSION
These experiments have shown that five definitive classes of defect can be detected in the 17 temperature-sensitive mutants characterized antigenically. The classification into serological groups I to IV, based on the quantitative results obtained by complement fixation, have been confirmed by the other serological tests of double-gel diffusion and singleradial diffusion. Fluorescent antibody tests further subdivided group IV into two subgroups. It is significant that over half of the mutants tested (i.e. those in group IV) showed a defect in the production of hexon antigen and this may be related to the fact that the hexon polypeptide is apparently the largest polypeptide produced by the virus genome (Russell & Skehel, i97z ) .
Further understanding of the serological results was obtained by the use of the fluorescentantibody technique, which indicated that in cells infected by the mutants in serological Group IVb the transport of the hexon antigen was defective and that the antigen appeared to accumulate preferentially at the nuclear membrane of cells infected at the non-permissive temperature. The resultant close association of the antigen with membrane may then not allow release of the antigen from cells in the normal way by sonic extraction and consequently would not be detected in either the CF tests (where the extract was clarified by centrifuging) or in the diffusion tests (where the antigen has to be small enough to diffuse through the agar or the agarose). Several attempts were made to release antigen from membranes either by prolonged treatment with ultrasound or by the use of detergent, but the results were inconsistent.
It is of some interest that a survey of temperature-sensitive mutants of an avian adenovirus (CELO) distinguished five groups of mutants which were characterized on the basis of the distribution of virus antigen between the cytoplasm and the nucleus of the infected cell at the non-permissive temperature (Ishibashi, I97O, 1971 ) . With the ts mutants of type 5 adenovirus investigated here no attempt was made to characterize on a similar basis, since a considerable variation in the sites of antigen accumulation (i.e. cytoplasm and/or at the nuclear membrane) was evident with the same mutants depending on the time of harvesting of the cells.
The apparent defect in transport of the hexon could result from an alteration in the hexon polypeptide itself leading to a change in conformation making the protein less easily trans-ported. Alternatively it could be that some other virus gene functions are required for transport of the polypeptide or to render the nuclear membrane permeable to this antigen. In the same way, defects in the production of antigens could be the result of lesions not only in the particular polypeptides but in some other regulatory gene or genes. It is interesting that in cells infected with Group IVb mutants production of the penton base antigen was also affected, suggesting that perhaps these two components may have a common regulatory gene or genes, or that their production is in some way linked or interdependent.
It is perhaps somewhat surprising that the mutants in serological group IV all showing defects in the hexon antigen appear to fall into six different complementation groups. The mutants of complementation group A fail to complement each other and complement those of groups B and C poorly. The ratios are sufficiently high (> I o in the experiments shown in Table 2 and others) to merit placement of the mutants in different groups, although they are not inconsistent with the possibility that we are dealing here with intracistronic complementation. Alternatively, of course, the low complementation may stem from physiological factors and further analysis will be necessary to clarify this point. However, with the possible exception of ts I x ts 2o and ts 7 × ts 17 the yields of crosses between group A, B or C mutants and those of groups D, E and F (which complement each other) are significantly higher, and we are clearly dealing with separate gene functions in these cases. Therefore, it would seem that at least four and possibly six adenovirus genes are involved either directly or indirectly in controlling or specifying hexon antigen. A similar phenomenon is also seen in Group III (showing defective fibre antigen production), where three complementation groups have been defined. In this case also no fibre antigen could be detected in fluorescent antibody analysis of cells infected with these mutants at the restricted temperature, and the results suggest that a number of adenovirus genes are also involved in fibre production. It should be emphasized here that in all cases we assume that the mutants have only single temperaturesensitive mutations, although we cannot be unambiguously certain that none of them are multiple mutants. However, the genetic evidence to date from both complementation and recombination analysis (C. S. H. Young & J. F. Williams, personal communication) is consistent with the view that they are single mutants.
In cells infected with the serological Group II mutants only' early' events can occur at the higher temperature. Thus, the 'early' form of the P antigen can be detected and in agreement with these observations, there is no evidence of virus DNA synthesis at the non-permissive temperature (Wilkie et al. I972a, b) . It is therefore presumed that there is some defect in a gene controlling' late' events in the infected cell and it may be that this defect could itself be in P antigen. A further study of mutants in this group should be of considerable interest in understanding the mechanisms regulating DNA synthesis and concomitant events in the infected cell.
The serological group I mutants are the only ones in this series of tests to show no significant defects in antigenicity and they fall into two complementation groups. However, it is c/ear from the results of the assembly tests that even these mutants fail to assemble virus particles. At this stage it should be pointed out that the virus assembly test measures the combination of two attributes: the ability of the virus to assemble and the ability of the resulting particles to survive the extraction and separation procedures employed. Thus, defective particles which were successfully assembled might fail to survive the somewhat rigorous extraction and purification procedures and would not be detected by our test. Mutants ts I8 and ts 19 apparently do not assemble in infected cells at the non-permissive temperature and it may be that in this case some defect in either the core proteins or some non-structural proteins is the critical lesion. It is known from experiments labelling infected cells with[35S]-methionine that as well as five structural polypeptides corresponding to the capsid components and two core polypeptides there are at least five other specific polypeptides produced in the infected cells (Russell & Skehel, 1972) and it may be that defects in some of the latter polypeptides could account for some of the results found in this study.
It was gratifying that the results of the assembly experiments were in general agreement with the previous experiments which showed that the mutants produced yields of infectious virus which were 3 to 5 log lower at the non-permissive temperature (Williams et al. I97I ) particularly since the labelling experiments and the original genetic analyses were carried out in different laboratories where the conditions were inevitably not entirely similar.
It is evident that many of the mutants will be of considerable value in investigations involving virus functions in the infected cell. In fact, it is possible using ts mutants to prepare virus components not normally amenable to investigation, e.g. in cells infected with the serological group III mutants, at the non-permissive temperature since fibre is not made, pentons are not assembled and consequently penton base accumulates and can be separated and purified.
Our investigations have shown the limitations of the serological techniques as the sole criteria of assessing the defectiveness of the mutants. The antigens which can be detected account for significantly less than half of the coding potential of the virus genome (Russell, I971) and other methods will have to be used to characterize the critical lesions of the mutants.
